We investigated the isotopic composition of the Urumqi River and documented seasonal variability attributable to the mixing of various flow sources. Next, we applied these isotopic signals to partition the sources and studied their temporal variability in summer. The isotope hydrology separation results indicated that groundwater is the dominant streamflow source (approximately 62.7%) in the Urumqi River. Precipitation is an important source for the Urumqi River; approximately 19.1-20.7% of the runoff came from precipitation during summer and early autumn. In summer, approximately 21.1% of the runoff is derived from glacial meltwater. In summer, with the increasing distance to the glacier front, groundwater accounts for a larger and larger percentage of the river water, and the contributions of precipitation and glacial meltwater gradually diminish. Throughout 2012, the proportions of precipitation and glacial meltwater in the streamflow were 17.6% and 14.7%, respectively, and only 5% of the streamflow was derived from snowmelt.
Introduction
Chronic water shortages and low usage efficiency make China's troubled water resource issues an ongoing challenge, and the loss of glaciers accompanied by climate change in the western arid region only serve to compound this problem. Many experts suggest that global climate change is caused by growing atmospheric concentrations of carbon and other trace gases (IPCC 2007) . In arid areas, rising temperatures lead to the increase of ice meltwater and precipitation, resulting in increases in the discharges of headstreams from mountain areas. Flood control and agricultural water are strongly related to the changes in discharge caused by climate change. Some studies indicate that there is not yet a clear assessment of the effects of climate change on water resources and agriculture in China (Piao et al. 2010, Kong and Pang 2012) .
Excluding the Antarctic, arid regions comprise nearly 20% of the world's land area. The formation of arid zones is mainly attributed to the scarcity of water resources. Ecosystems and societies are vulnerable to environmental changes, particularly hydrological changes. Global warming will inevitably increase the volume of glacial and snowmelt water and mountain discharge, which are the main water resources available in arid regions. The sensitivity of glacial rivers to climate change has significant implications for water resource management and flood control. Hence, assessing the magnitude and variability in the response of a water system to climate change is critically important.
Due to their ability to elucidate the underlying processes that control the chemical and physical behaviours of elements and compounds in the natural environment, stable-and radio-isotope tracers have been widely applied in the study of Earth systems, including in hydrological and climatological research. Isotope fractionation produces a natural labelling effect within the global water cycle that has been applied to study a wide range of hydrological and climatic processes on local, regional and global scales. The use of stable oxygen and hydrogen isotopes as tracers in hydrological studies has expanded over the past five decades following the initial description of systematic variations in world precipitation (Craig 1961 , Dansgaard 1964 , the development of a theory describing isotopic fractionation during evaporation (Craig and Gordon 1965) , and the testing and validation under a range of field conditions (Fritz and Fontes 1980 , Gat and Gonfiantini 1981 , Gat 1996 , Kendall et al. 1999 , Gibson and Prowse 2002 .
Hydrograph separation methods include graphical, time-interval, and filtering methods along with hydrological and water balance models in which timeinterval separation methods are compiled in a program called HYSEP (Nathan and McMahon 1990 , Arnold and Allen 1999 , Kong and Pang 2010 . In the 1950s, isotopic techniques were first applied to the field of water cycle research, proving to be both effective and convenient. These techniques played an important role in the qualitative and quantitative study of groundwater age, groundwater renewal ability, recharge elevation, and mixing ratio. Isotope hydrograph separation was first applied in the 1970s to define the baseflow component of total runoff. It has seen great improvements from the 1990s to the present. Burn (2002) reviewed the development of isotope hydrology separation and noted that this method should be combined with new cutting-edge methods and an improved database so that it can be used to study hydrological processes with different climatic and human disturbance regimes. Qu et al. (2008) reviewed the study of isotope hydrology separation in China, highlighting the importance of sampling in isotope hydrology separation. Kong and Pang (2010) investigated the progress in isotope hydrology separation for alpine catchments with an emphasis on its significance in reflecting the impact of global change on water resources and explained the principle of isotope hydrology separation and its uncertainties.
As stream water is an important water supply for Urumqi city, the provincial capital city of the Xinjiang Uyghur Autonomous Region, streamflow characteristics and changes have drawn considerable attention. Previous studies on glaciers have focused on mass balance and runoff changes (Ye et al. 2005 , Li et al. 2010 . Using isotope hydrology separation, Kong and Pang (2012) studied the streamflow component of the Urumqi River based on events at a monthly scale. However, studies on long-term runoff generation and mechanisms are scarce, especially in the Urumqi River basin. Understanding the time series of streamflow components using natural tracers in arid alpine cold streams is essential for water resource management, water-quality studies, and the evaluation of the effects of climate change. For these reasons, hydrograph separation analysis was conducted in the Urumqi River basin in 2012 to identify the water sources. We attempted to: (1) determine the contributions of different water sources to streamflow during this year; and (2) evaluate the sensitivity of the Urumqi River to climate change. The results are expected to help elucidate water resources and their management in the study region.
Data and methods

Study area
This study was conducted in the Urumqi River catchments in eastern Tianshan, Xinjiang Uyghur Autonomous Region, which coves one-sixth of China's land area. Xinjiang has a typical continental arid climate, with an average ambient temperature of 9-12°C, sporadic precipitation, and water pooling occurring mostly in the mountainous areas.
The Urumqi River basin in Tianshan, China, was selected as the test site. The watershed of this basin (between 86°45′-87°56′E, 43°00′-44°07′N) is located in the middle portion of the northern flank of the Tianshan Mountains, about 175 km from Urumqi city, the capital city of the Xinjiang Uyghur Autonomous Region (Fig. 1) . The basin is more than 200 km long from north to south, and 25-50 km wide from east to west. The total area of the basin is about 4684 km 2 and some of the mountain watershed is covered with glaciers. The watershed is bordered by three deserts: the Taklimakan to the south, the Junggar Basin to the north, and the Gobi Desert to the east. Urumqi Glacier No.1, a northeast-facing valley glacier, is the largest glacier. The annual precipitation in the headwater regions can reach about 400-500 mm, and the annual average temperature in the basin is about 4°C. Houxia (a city of population of 20 000), which has two coal-fired power-generating plants, a coal-powered cement factory and various other factories, lies 82.6 km southwest of Urumqi city. This paper focuses on the area above the Ying Xiongqiao hydrometric station. The station is situated at an elevation of 1904 m and controls a drainage area of 924 km 2 . Average annual precipitation is 526 mm. The average annual discharge since 1958 is 7.02 m 3 s -1 , with an annual discharge depth of 240 mm. The drainage basin includes 124 glaciers, with a combined area of 38 km 2 , or 4.1% of the drainage area. The forest zone extends from 1500 to 2900 m and is dominated by Betula and Picea species. The alpine zone above 2900 m consists of mountain meadow communities, bare rock, and glacial deposits. The permanent snowline is approximately 4000 m and the lower limit of permafrost is 3000 m (Fengjing et al. 1995) .
Data collection
Precipitation (including snow and rain) samples and river samples were collected at Houxia Station (87°06.774′E, 43°12.319′N; altitude: 2145 m a.s.l.) in 2012. The precipitation was sampled (by event) from January 2012 to December 2012. Liquid samples were collected immediately after the end of rainfall and sealed in a plastic bottle; solid precipitation (snow) samples were collected and melted thoroughly at room temperature in a plastic bag before being sealed in a plastic bottle. In order to describe the change of the water isotope clearly, we collected a river water sample almost every 5 days for the entire year. In total, 70 samples of river water and 26 samples of precipitation were collected at the Houxia station.
Four sampling campaigns were undertaken in the study area on 9 March, 5 July, 29 August and 15 October 2012. About 24 samples were collected from six sites distributed along the Urumqi River basin in order to study the isotopic characteristics in different temporal and spatial domains. Meanwhile, the corresponding parameters, such as amount of the precipitation, air temperature and humidity were also measured at the meteorological stations during sample collection. Before sampling, we washed the 5-mL plastic sample vial three times using the sampled water, and then filled it with the water sample. Each vial was sealed immediately with Parafilm to prevent evaporation. All samples were immediately sealed in plastic bottles after collection and stored in the laboratory at below −18°C. When the samples were analysed, they were stored at 4°C in the refrigerator to melt gradually to avoid evaporation. O and δD by calculating the differences between the known and measured values for standard water samples. By applying these corrections, extremely accurate measurements of the isotopic ratios can be achieved.
Methods
A 500-mL bottle was filled with river water to determine the major ions (Ca 2+ , Mg 2+ , Na + , K + , Cl -, SO 4 2-and CO 3 -), and related chemical analyses were carried out in the same laboratory. Water samples were filtered through a 0.45-μm millipore membrane, using a high-performance liquid chromatography (HPLC) method with a dual-column instrument (model Dionex CD20) that has an analytical error of less than 1 mg/L. The water temperature, pH and electrical conductivity (EC), together with total alkalinity values of all water samples, were measured in the field during sampling.
Hydrograph separation
We used two-and three-component isotope hydrograph separation (Clark and Fritz 1997 , Kong and Pang 2012 , Sun et al. 2014 to determine the contributions of various recharge sources to the Urumqi River. Both the two-and three-component methods can be described by the following uniform equation:
where Q is total runoff discharge, Q m is the discharge of component m, and To meet these assumptions, various environmental tracers such as 18 O, D and d-excess were used, and geochemical data including TDS (total dissolved solids), EC and even DOC (dissolved organic carbon) and temperature were employed (Gibson et al. 2005 , Kong and Pang 2010 . In this study, we chose TDS and δ 18 O as tracers due to their significant differences among recharge sources.
The mean contributions of several water sources in the Urumqi River during different seasons were estimated using the above hydrograph separation analysis method.
Uncertainty analysis
Analytical error may cause uncertainty in the estimated contributions of different runoff components due to measurement errors in end-member concentrations. Likewise, the spatial and temporal variations in the component tracers may result in significant uncertainty in the hydrograph separations. These uncertainties should be evaluated separately as follows (Pu et al. 2013) :
where W represents the uncertainty in the variable specified by the subscript, R1, R2 and Rn refer to components 1 and 2 and n, respectively.
The calculation of uncertainty in hydrograph separations requires tracer concentrations and an estimate of the uncertainty in each tracer. The substitution of equation (5) in equation (2) gives the uncertainty for two-component separations:
where C is tracer concentration; C 1 , C 2 and C s represent the 18 O concentrations of the groundwater, meltwater and streamflow, respectively.
Analysis and results
Climate and discharge characteristics
Understanding the regional climate characteristics is essential for the study of hydrological processes. Over the past 60 years, the annual mean temperature of Urumqi city increased from 6.41 to 7.39°C, and annual precipitation increased from 246.52 to 302.36 mm (Fig. 2) . The result of the Mann-Kendall test indicates a significant increasing tendency in runoff of the Urumqi River at the 95% level of confidence. The trends in meteorological and hydrological variables are consistent with the results of previous studies (Ye et al. 2005 , Chen et al. 2006 , Li et al. 2010 , Xu et al. 2010 , Kong and Pang 2013 . Climate change has resulted in streamflow changes in the Urumqi River basin. Runoff in the basin shows a significant monotonic increasing trend. Xu et al. (2010) 
Characteristics of water chemistry and isotopes
Water chemistry
The concentrations of the major dissolved solutes in precipitation ranged from 40 to 80 mg/L; this range is smaller than that for river water. The TDS of river water has a larger range (125-304 mg/L), while meltwater exhibits stable concentrations of major dissolved solutes.
The lowest concentration of TDS (125 mg/L) occurred at site No. 1. A higher concentration was found at site No. 3, followed by a decrease to 223.1 mg/L at site No. 4. The increasing trend is apparent from sites 4-6. The pH values for all water samples range from 6 to 8.5, indicating that the waters have slightly alkaline characteristics. In most cases, the fluctuations in pH are relatively small (approximately 7.5 ± 0.5), with the exception of the samples taken at site No. 1 in the spring (pH 8.8-9.6). The temporal evolutions of the EC values and TDS concentrations are identical, with relatively small fluctuations in downstream stations (sites 5-6) and more pronounced variations at upper stations sites (sites 1-2).
The hydrochemical streamflow characteristics are affected by various factors such as precipitation, glacial melting, snow melting, permafrost active layer, moraine components and talus-soil-water interactions (Wang 2014) . The results show that HCO 3 -is the major anion in the river water, while Ca 2+ is the major cation, indicating that rock-soil-water interactions play a key role in the hydrochemical processes (Sun et al. 2015) . The general trend observed in the solute anion contents of river water samples is as
. The general trend in solute cation content is: Ca 2+ > Mg 2+ > Na + > K + . These trends are similar to those of groundwater, indicating that the groundwater is the main water source of the Urumqi River.
Ionic deltas, ionic ratios and saturation indices were used in an attempt to identify the hydrogeochemical processes of the Urumqi River. The Piper diagram (Fig. 4) illustrates that river water, meltwater (including snowmelt and glacier melt) and groundwater have the same water type (Ca-HCO 3 ). Figure 4 shows that the chemical character of river water is similar to those of both precipitation and groundwater, indicating that precipitation and groundwater are important sources for the Urumqi River.
Water stable isotopes
During the monitoring period, δ
18
O values in rainwater varied between −36.2 and 0‰ (Fig. 5) , and temporal variations in rainwater δ 18 O were observed. The value was especially high in June and July, indicating that the δ 18 O value of precipitation is correlated with temperature change. The average δ 18 O value of precipitation was −21.2 and −6.8‰ in spring and summer, respectively.
The isotope values of glacial meltwater ranged between −9.4 and −10.1‰ in δ
O and between −58.7 and −63.8‰ in δD, suggesting a stable isotope signature for glacial meltwater ( Table 2 ). The overall isotope composition of Urumqi River stream water ranged between −10.5 and −7.3‰ in δ 18 O, and between −67.5 and −44‰ in δD. The isotope peak was observed in March, while the lowest point was in summer (May-August; Fig. 6 ). O value in river water observed in March is primarily due to river ice and frozen ground meltwater (δ 18 O = −7.3‰). In the spring, the isotopic concentration at site No. 1 was significantly higher than those of the other sampling sites, while all sites showed similar isotopic concentrations in the autumn. This demonstrated that the Urumqi River has different streamflow components in different seasons. In autumn, groundwater is the main water source, leading to the stabilization of stable isotopic concentrations in the river water.
3.3 Hydrograph separation in the Urumqi River 3.3.1 Isotopic time series partitioning of streamflow components The distribution of stable water isotopes provides valuable insights into runoff generation processes at the Houxia station. Prior efforts to characterize the isotopic composition of streamflow and identify the primary source waters in the Urumqi River basin have established an in-depth understanding of seasonal variability in the streamflow signal (Figs 6 and 8) . Hence, in Houxia station, the isotopic composition of streamflow can be divided into five well-defined stages in the time series partitioning of δ 18 O and δD components.
Streamflow during March and April tends to contain higher proportions of surface water derived from snowmelt and river ice; therefore, it has an isotopically enriched signature during this period. The second observed period was from 25 April to 5 August; the runoff during this period was recharged mainly by precipitation and glacial melt, and exhibited lower δ
O and δD contents. The streamflow from 5 August to 5 October contained a high proportion of groundwater. In the fourth period from late autumn to early winter, the increased runoff derived from groundwater and snowmelt caused a gradual increasing trend of isotopic values. During the fifth period from December to February, the runoff was mainly recharged by groundwater, and the isotopic composition remained stable.
Partitioning of streamflow components
The partitioning of streamflow using stable isotopes as conservation tracers is based on the classical twocomponent or three-component hydrograph separation method and is inferred from the natural cycle of seasonally active source water (snowmelt, glacial melt, groundwater, precipitation) in the streamflow, which is typical of streams in cold alpine climates. Figure 6 shows the changes in streamflow isotopes for the five different periods. We chose Q1, Q2, Q3 and Q4 to represent the first four periods; we did not discuss the fifth period because the streamflow in this period was mainly derived from groundwater.
The mixing ratio between source water components in streamflow is determined in two portioning steps using mass and isotope balance calculations. The first step in the breakdown of streamflow components involves the partitioning of different streamflow periods, as shown in the flowchart in Fig. 7 .
The second step involves the partitioning of different water resource proportions. During the spring (period Q1) and late autumn (period Q4), the instantaneous contributions from direct snowmelt (R S ), and baseflow (groundwater: R B ) to the total streamflow Q are given by: 
equation (4) is used to calculate the proportions of baseflow and snowmelt waters during the spring and late autumn, respectively. The δ values and subscripts refer to the isotopic compositions of the respective components, and TDS represents the total dissolved salts. In these periods, direct channel precipitation can be assumed to be negligible. During the summer (period Q2) and autumn (period Q3), the instantaneous contributions of R B , R G and direct channel precipitation (R P ) to Q are given by:
Kong and Pang (2012) indicated that the TDS and isotopic values of river, ice meltwater and groundwater vary significantly above Houxia Station. Because significant differences in TDS and isotopes exist in the upper reaches of the Urumqi River above Houxia station, we carried out hydrograph separation in that area. We determined that the river below the Houxia section was mainly composed of groundwater due to the similar chemical and isotopic compositions between groundwater and the river water (Tables 1 and 2 ). Figure 8 (a) shows that the isotopic composition of streamflow from March to April is characterized by an enriched isotopic value close to that of direct snowmelt, which is a mixture of both snowmelt and meltwater from river ice. Using the average TDS and δ
18
O of groundwater and direct snowmelt water as parameters, we can obtain the relative contributions of each component in the Urumqi River using equation (4).
During periods Q2 (Fig. 8(c) ) and Q3 ( Fig. 8(d) ), the compositions of river samples (average values) were distributed in a triangle formed by precipitation, glacial meltwater and groundwater. Using the mean TDS and δ
O values of groundwater, glacier meltwater and precipitation as parameters, we can obtain the proportion of each component contributing to the Urumqi River using equation (5). The isotopic composition of streamflow from period Q4 is characterized by an enriched isotopic value close to that of direct snowmelt and groundwater (Fig. 8(b) ). equation (4) is used to separate the streamflow of period Q4. The input parameters were the average TDS and δ
18 O values of groundwater and direct snowmelt water (a mixture of both snowmelt and river ice). Table 3 shows the proportions of the various water resources in the Urumqi River during the four periods. The contributions of direct snowmelt and groundwater were estimated by combining the results of the twocomponent separations. We estimated that 89.5% of the runoff during the spring (Q1) of 2012 was contributed by groundwater, while 10.5% was derived from direct snowmelt through the soil compartment. By late autumn (Q4) of 2012, only 9% of the runoff was derived from direct snowmelt, and 91% came from groundwater. The runoff in the summer (Q2) and early autumn (Q3) was mainly contributed by glacial meltwater, precipitation, and groundwater. We estimated that 58.2% of the runoff during the summer of 2012 was contributed by groundwater, while 20.7% and 21.1% came from precipitation and glacial meltwater, respectively (Table 3 ). In early autumn (Q3), 75.9% of the runoff could be attributed to groundwater, 19.1% was recharged by precipitation, and only 5% originated from glacial meltwater. The larger contributions of glacial meltwater in the summer compared to in early autumn may be due to higher temperatures in the watershed, resulting in more glacial melting. From the results, it is clear that groundwater comprises a large proportion of the runoff to the Urumqi River. Kong and Pang (2012) found that the effects of precipitation and groundwater on runoff vary significantly along the Urumqi River in August. This paper further identified the hydrological processes during the summer based on the isotopic and hydrochemical analyses of glacial melt, groundwater and precipitation in sampling sites with different altitudes. Based on the average hydrochemical and isotope values of different sampling sites, Fig. 9 shows the contributions of various water sources at five sampling sites (excluding Houxia) of the Urumqi River in summer. Groundwater accounts for a larger and larger portion of the river water as the distance from the site to the glacier front increases. At a distance of 21 km, the proportion of groundwater exceeds 40%. The contribution of precipitation decreases gradually, while that of glacial meltwater decreases to 28.4% at a distance of 21 km and then further decreases to 9.4% at 57 km. In summary, groundwater is the main source of the Urumqi River in summer. The proportion of precipitation in the summer varies from 6.9% to 36.9%, with an average of 26.85%. The proportion of precipitation is the largest at a distance of 24 km (approximately 36.9%). Both precipitation and meltwater exhibit decreasing trends as the distance from the site to the glacier front increases.
Contribution of different water sources
Previous studies on the components of runoff have primarily been conducted for individual events or on a monthly time scale. However, this paper employed isotope hydrology separation to quantify the recharge to the Urumqi River over an entire hydrological year. Four periods were considered to describe the variation in the runoff components. The results provide clear evidence regarding the contributions of different water resources in different seasons, which is beneficial for water resource management in different seasons.
Discussion
Uncertainties in hydrograph separations
The uncertainty analysis approach described in equation (2) may also be applied to three-component mixing problems, which require two tracers. This method of uncertainty analysis uses the TDS and oxygen-18 data for a stream water sample from the Urumqi River basin.
As for the separation in this study, temporal variations in oxygen-18 composition were observed for stream water (collected in Houxia), groundwater, meltwater (including glacial melt and snowmelt) and precipitation. However, each type of water was sampled at one site; thus, the general spatial heterogeneity of 18 O concentrations should be considered when estimating the W values of the components. The standard deviations of the tracer concentrations were multiplied by the appropriate t values from Student's t distribution to estimate uncertainty due to the variation of tracer concentrations (U v ). The accuracy of the measurement method was 0.1‰ for oxygen-18 analyses. Twice this value was used as the uncertainty in C 1 , C 2 and C s to calculate the uncertainty from analytical precision (U a ) Table 3 . Estimated fractions of water sources as a result of hydrograph separation above Houxia section along the Urumqi River.
Study period
Estimated fractions (%)
in the hydrograph separation herein. Based on the assumed standard deviation and the values of
18
O in mixing components, the uncertainty of hydrograph separation in the Urumqi River basin was evaluated. The estimated uncertainties are shown in Table 4 . The uncertainty in the measurement method was less important than that in the temporal and spatial variations in tracer concentrations. The uncertainty terms for precipitation were generally higher than those of others components.
Studies on the isotope hydrology separation uncertainties in sampling and error processing have attracted more attention. In the majority of previous isotope hydrology separation studies, the isotopes of precipitation and groundwater have obvious spatial differences (Pang et al. 2011 , Wang 2014 . In this study, precipitation and groundwater samples were collected from the Houxia station. The errors still exist because the isotope variability is not considered. In many isotope hydrology separation studies, depth-integrated snow cores are used define the event component. However, in this study, snowmelt and glacial melt samples were collected from one sampling site, and the volume and spatial variables did not account for the isotope value.
Another error is the temporal variability of the stable isotope component in the discharge composition. Isotopic changes in the discharge components along the flow path make isotope hydrology separation much more complex (Kong and Pang 2010) ; the isotopic composition may be significantly different compared to other years.
To eliminate the uncertainties, two methods should be used in the future: (a) use a volume of weighted average values from the glacier/snow meltwater and use current meltwater isotope values from the snow lysimeter at each sampling time; and (b) set more sampling points and collect more groundwater and precipitation samples from different altitudes.
The characteristics of the streamflow components
Changes in the stable isotopic signatures of river waters are commonly used to identify hydrological source areas and flow paths in watersheds (Burns 2002 , Buttle 1994 , Rodgers et al. 2005 . Stream water chemistry and nutrient supplies vary due to the diverse flow paths taken by rainfall, snowmelt and glacial melt as well as the residence time of water in the catchment compartments. In addition, the relationships between solute concentrations and streamflow changes have also provided important formation on hydrological pathways. Different catchments may show different chemical and isotopic responses to hydrological events. Rainfall sometimes passes rapidly through catchments and provides a major portion of the streamflow (Neal and Rosier 1990) . In cold alpine arid areas, glacier meltwater contributes to streamflow as a source of recharge (Cable et al. 2011) , and groundwater is usually the main recharge source of streamflow (Kong and Pang 2012) . Although a number of hydrological investigations have employed isotopic tracers (Kendall and Coplen 2001 , Naftz et al. 2002 , Frost and Toner 2004 , the use of isotopes to determine the contributions of rain, meltwater and groundwater to streamflow in alpine catchments has received little attention.
Like most rivers of western China (Zhao et al. 2011, Kong and Pang 2012) , stream water in the Urumqi River exhibits relatively large temporal variations in both δ O and δD values are lower in summer than in late autumn. However, the river water isotopes of the Urumqi River exhibit more significant volatility, especially in the summer and snowmelt season. For high-elevation mountain streams, the larger portion of annual streamflow occurs during the melting of snow that accumulates from late autumn to early spring. The temporary storage of precipitation in snowpack and its subsequent melting controls the larger variability in the solute and isotopic compositions of stream water during the melt season (Jin et al. 2012) . Typically, the isotopic and chemical concentrations of river water are clearly diluted during snowmelt due to the increased discharge. In contrast, the isotopic value of the Urumqi River was significantly richer during snowmelt (spring and late autumn), and the isotopic ratios of oxygen and hydrogen in snowmelt were larger than those reported in other studies (Jin et al. 2012) . This indicates that strong evaporation fractionation affected the snowmelt water in the Urumqi River basin.
The hydrograph separation results for the summer indicate that precipitation had a larger contribution to runoff in this period. smaller than that in Tian et al. (2007) . Precipitation in arid regions of western china is a complex process (Pang et al. 2011 , Zhao et al. 2011 . Zhao et al. (2011) investigated the origin of moisture entering the headwaters of the Heihe River basin and found that westerlies and polar vapours are the main vapour sources in the arid region of Northwest China. Pang et al. (2011) found that the isotopic temperature affects the underlying processes in Northwest China; these processes include equilibrium isotope fractionation, the adiabatic rise of clouds during winter in mountainous terrain, subcloud evaporation and the recycling of moisture from the ground (soil and surface water). In arid and semi-arid regions, the recycling of terrestrial moisture via evapotranspiration has been recognized as an important component of the atmospheric moisture balance. Kong and Pang (2013) found that the recycled fraction in precipitation is less than 2.0 ± 0.6% for the Tianshan Mountain stations and reaches values up to 15.0 ± 0.7% in the Urumqi region. Strong evaporation in the summer results in enriched isotopes in precipitation. This suggests that summer precipitation events, which have higher isotope values, are the main reason for the significant variation in stream water isotopes. In arid areas of Northwest China such as Xinjiang and the Hexi Corridor, groundwater resources play a key role in economic development. Previous studies have noted the importance of temporal and spatial heterogeneity in infiltration, evaporation and groundwater recharge processes in arid and semi-arid regions (Zhang et al. 2013 , Wang 2014 . For the Urumqi River basin, the isotope values in groundwater are relatively stable with mean isotopic compositions of −9.15 and −58.91‰ for δ
18
O and δD, respectively. The groundwater isotope values of the Urumqi River basin are similar to those of the south slope of Tianshan Mountain (Wang 2014) . According to the study of Wang (2014) , mountain precipitation and glacial meltwater were the main sources of the groundwater recharge.
Studies of runoff components in the Urumqi River basin are rare. Only Kong and Pang (2012) have provided a streamflow composition analysis using isotopes in the Urumqi River; however, this analysis only covered the month of August, 2009. Nonetheless, longterm runoff generation and dynamics are especially important issues in watershed and water resource management. This work presented an extension to the previous study and analysed the mechanism and streamflow composition of the Urumqi River basin throughout an entire hydrological year. The results of Q2 are consistent with those of the previous study (Kong and Pang 2012) , while the runoff components determined for the others periods are different from their study. In periods Q1 and Q4, snowmelt water is an important resource. Previous investigations in the study region have ignored the seasonal characteristics of streamflow components. This work is the first to investigate the seasonal characteristics of streamflow components, which are essential to understanding the regional water cycle.
Groundwater is the major source of recharge in the Urumqi River basin, and glacial meltwater and precipitation are also important sources. The increase in discharge to the Urumqi River is thus due not only to groundwater but also to increased recharge from precipitation and glacial melting. Also striking were the significant variations in δ
18 O values of stream waters between summer and early autumn. These variations in stream water isotopes were attributed to glacial meltwater and precipitation. Whether glacial runoff is related to climate change can be evaluated by the precipitation and glacial melt, which are in turn controlled by temperature (Li et al. 2010) . In the Urumqi River basin, the melting of glaciers occurs over a threemonth period (mid-May to mid-August); thus, temperature mainly affects the stream water composition in the summer. With the rapid rise of summer temperature, the increased recharge from glacial melt likely causes the Urumqi River streamflow to increase significantly. Over the past 50 years, the summer temperature and annual precipitation near the glacier increased by 0.8°C and 19%, respectively. The glacier continuously retreated from 1962 to 2003; the cumulative mass balance was −10 032 mm, or 20% of the glacier volume (Ye et al. 2005) . In addition, Li et al. (2010) found that the runoff increased approximately 3.554 × 10 6 m 3 (29.6%) on average from 1983 to 2006. Both summer precipitation and temperature are negatively correlated with mass balance and positively associated with runoff. Ye et al. (2005) reported that the correlation between temperature and mass balance is much stronger, indicating that summer temperature controls glacier mass balance and runoff changes. Although the increases in annual mean temperature and annual precipitation are major reasons for the increase in Urumqi River runoff (Li et al. 2010) , the ratio of glacial melt to precipitation in the streamflow is less than that for groundwater. The possible reasons for this are: (a) the increased precipitation is lost as evaporation due to increased temperature, or is percolated into the groundwater system; and (b) as a result of a strong reduction in glacial area, the runoff contribution from the other small glaciers in the basin may have started to decline in recent years.
Isotope hydrograph separation provides a quantitative method to differentiate the replenishment of rivers for water resource management, especially in ungauged basins. In the study of the Urumqi River, more attention should be paid to water supply, as rising temperature has become a major concern. In water resource management, both climate change and the replenishment of rivers should be given sufficient emphasis.
Conclusions
The Urumqi River basin has become warmer and moister in the last several decades. Our results show that significant monotonic increasing trends have occurred for both temperature and precipitation. During the past 60 years in the study area, temperature has increased by nearly 1°C, and precipitation has increased by nearly 66 mm. A stepwise increase occurred in both temperature and precipitation in approximately 1984; mean temperature and precipitation increased from 6.41°C and 236.5 mm, respectively, to 7.39°C and 302.36 mm, respectively. Climate change has resulted in streamflow changes in the Urumqi River basin. Runoff in the Urumqi River basin shows a significant monotonic increasing trend. The stepwise change in runoff occurred in approximately 1991. This change in runoff, which is a response to climate change, is lagged.
The isotopic and chemical compositions of stream water in the Urumqi River basin were presented in this study. Varying stable isotopes and solute compositions throughout the year indicate that streamflow is recharged with different sources in different seasons. Through a two-component mixing model based on mass balance, the streamflow in the Urumqi River basin is separated into snowmelt and groundwater in the spring and late autumn. In summer and early autumn, the streamflow in the basin is separated into glacial meltwater, precipitation and groundwater through a three-component mixing model. Our study shows that significant differences exist among meltwater, rainwater, groundwater and stream water. A significant seasonal variation in oxygen-18 occurred in the study period. Furthermore, we found that the Urumqi River is a groundwater-dependent river. Glacial meltwater discharges into the streamflow in summer and early autumn, with glacial melt contributions to the Urumqi River streamflow (Houxia) varying from 5% to 21%. Meanwhile, precipitation plays an important role in the wet season, with 20.7% of summer streamflow coming from precipitation. Throughout 2012, the proportion of precipitation in the streamflow component is 17.6%, and the proportion of glacial meltwater is 14.7%. Only 5% of the streamflow is recharged from snowmelt water.
